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RESEARCH MEMORANDUM

SOME DESIGN AND OFERATIONAIL. CONSIDERATIONS OF A LIQUID-HYDROGEN
FUEL AND HEAT-STNK SYSTEM FOR TURBOJET-ENGINE TESTS

By Lester C. Corrington, Kenneth L. Thornbury, and Glen Hennings

SUMMARY

An experimental investigation was conducted in which liquid hydrogen
was used as a heat sink for turbine-cooling in a high-temperature turbo-
Jet engine. A production-model turbojet engine was modified by the in-
stallation of a cooled-turbine rotor and stetor and was operated on hy-
drogen maintalned in the supply tank as a liquid. The turbine cooling
air was refrigerated by the cold hydrogen as it passed through a heat
exchanger. Cooling-air temperstures of 160° to 220° R were obtained at
the exit of the heat exchanger with cooling-alr flow rates of 3 to 14
percent of the engine airflow.

A few problem areas were revealed which will require special atten-
tion in fubture work. A pressure-surging condition in the fuel system was
epparently caused by the vaporization process in the counter-flow-type
air-fuel heat exchanger. Liguefaction of air in the heat exchanger ne-
cessitated a redesign of the airflow passages to provide for a re-
evaporation of the liquld by the incoming air. Icing of the heat ex-
changer was not & problem for continuous rums up to 45 minubes when the
incoming air wes dried to a moisture content of 2 grains per pound. A
fire at the hydrogen-tenk vent outlet was spparently ignited by a static
discharge or a frictional spark from the supporting cables, emphasizing
the fact thet great care must be used to prevent any undesired exposure
of hydrogen to air.

Informetion on the properties of hydrogen is summarized as an aid
in the design of systems to handle this fuel in the liquid or gaseous
state.

INTPROTUCTION

The continuing requirements for increased range and altitude capa-

bilities for military aircraft have created increasing interest in high-

energy fuels. Usually such fuels that have high heats of combustion have
high-reactivity retes in addition, making them also attractive from the
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standpoint of combustion problems at high altitude. One such fuel that
is currently receiving a great deal of attention is ligquid hydrogen.
This fuel, while having the disadvantage of low density, has a much
higher heat of combustion than other high-energy fuels. An analysis of
the potentialities of liquid hydrogen for increasing the range and alti-
tude of several types of aircraft is presented in reference 1. In addl-
tion to showing the range and altitude advantages that this fuel prom-
ises, reference 1 points out that, because of its low bolling point and
high specific. heat, liquid hydrogen has good potentialities as a heat
sink for cooling engine parts and alrcraft surfaces in high-speed
airplanes. :

A specific spplicatian in which the cooling capabilitles of liquid
hydrogen can be used to advantage 1s in the cooling of turbines in high-
temperature turbojet engines. The temperature of the turbine cooling
air from a liquid-hydrogen heat exchanger wculd be much lower than the
temperature of the air directly from the compressor, which should per-
mit the operation of a coocled turbine at much higher gas temperatures
than would otherwise be the case. -

This heat-sink application has been iInvestigated experimentally In
an altitude test chamber at the NACA Lewls laborstory using a current-
model turbojet engine modified to a cooled-turbine engine. The primary
obJjective of this Investigation is to determine the heat-transfer charac-
teristice of the turbine blades with the low-temperature cooling air
available from the hydrogen heat sink with high turbine gas temperatures
and at high sltitudes. Inasmuch as the experimental setup requires the
use of a liquid-hydrogen fuel system including suitable tanks, plumbing,
heast exchanger, flow control, and instrumentation, a secondary objective
is to examine the problems that may exist In the use of such a systenm.

The experimental results regarding the heat-transfer characteristics
of the turbine blades are presented in reference 2. A discussion of the
problems involved in the modification of the current turbojet engine used
in this investigation to & cooled-turbine engine with high turbine-inlet
temperstures is presented in reference 3.

This report presents & description of the fuel and cooling-air sys-
tems used in this Investigation, and a discussion of the operational pro-
cedures used and the problems encountered in using these systems for

turbine-cooling purposes. The propertles of hydrogen pertinemt to fuel-
system design are discussed in the appendix, because such informastion has

not been availsble heretofore in a form convenlent for engineering
purposes.
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- FUEL. SYSTEM

The fuel system used in this investigation is illustrated diagram-
metically in figure 1. All parts of the system upstream of the shutoff
valve were located outside the test chamber building for safety reasons.
Figure 2 shows the physical arrangement of most of the systen.

The fuel tanks were tactical Dewers of about 125-pound capacity each.
These Dewars were of triple well construction. The immermost wall was
made of stainless steel and formed the pressure vessel for the fuel. This
wall was surrounded completely by a second wall which served as a radi-
ation shield. The radiation shield was made with an integral container
which could be filled with a low-temperature liquid such as liquid ni-
trogen. Through thermal conduction the entire radiation shield wall
would come to a temperature near that of the liquid in the container.

This wall was in turn surrounded by reflectlve insulation and a vacuum-
tight outer Jacket. The spaces between the outer Jacket and inner wall
were evacuated.

These fuel tanks were f£illed from a large refrigerated Dewar mounted
on a transport trailer bed. The tanks were vented to the atmosphere
until time for engine operation, abt which time they were pressurized to
gbout 60 pounds pexr square inch gage with gmseous bydrogen. Helium was
not used for the pressurizing £luid because of 1ts unknown solubllity in
liquid hydrogen. Since that time, bowever, the solubility of helium in
liquid hydrogen has been found to be wvery small under these opersbing
conditlons.

The pressurized liquid flowed toc the air-fuel heat exchanger through
double-walled vacuum-insulsted lines. These lines were made with an
inner wall of stainless-steel tubing of sbout 5/8-inch inside diemeter
and asn outer wall of copper. A high vacuum was maintained between these
walls.

The air-fuel heat exchanger was of the counter-flow type made from
two commercially available cores of aluminum-finned copper tubing en-
closed in a heavy outer shell. An external view of the heat exchanger
is shown in figure 3, and & cross-sectional diagram in figure 4. The
fuel entered at the left (fig. 4) snd flowed alternately upward and down-
ward through a number of tubes connected in parsellel and provided with
Plow distribution manifolde as indicated. The turbine cooling sir en-
tered a plenum chamber at the right, passed through both cores, made a
90° turn, and passed out in an upward direction. The cross-sectional
area of the core st the fuel-entrsnce end of the heat exchanger is smaller
then that of the other core because at this point both the fuel and air
densities are much higher (lower temperature) than at the other end of
the heat exchanger.
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All parts of the heat exchanger except the heavy outer shell, the
air-inlet pipe, and the core were made of stainless steel because of its
good low-temperature ductility characteristics. The outer shell and air-
inlet pipe were mild steel. oLibB. SOE DULer eAelL sad alr-

The gaseocus hydrogen from the heat exchanger passed through a steam
heater with an sutomatic temperature control to heat it to about 75° F
to ease the handling and flow-measurement problems. Flow measurement
and control at low temperatures are difficult because of the large varila-
tions in the specific heat ratic with temperature, pressure, and fuel
composition (see appendix).

The fuel then passsed through a 2-inch line to a high-response-rate
pressure control, a volume chamber, a flow-meaguring orifice, a remotely
controlled throttling valve (see fig. 5), a positive shutoff velve, and
the engine manifold. The high-response-rate pressure control and the
volume chamber were necessitated by pressure fluctuations in the system
and are discussed further in the section OPERATIONAL CHARACTERISTICS OF
SYSTEMS.

TURBINE COOLING-AIR SYSTEM

A schematic diagram of the turbine cooling-air system is shown in
figure 6, and part of the system appears in figure 3. The cooling air
for the turbine ststor was taken directly from the laboratory supply,
while thet for the turblne rotor was refrigerated in the air-fuel heat
exchenger.

The supply air was dried to a moisture content of about 2 grains per
pound or less to prevent excessive icing in the heat exchanger. In a
sbandard atmosphere gbove an altitude of 25,000 feet saturated sir has a
moisture content less than 2 grains per pound.

The temperature and flow rate of the turbine-rotor cooling air were
controlled manually by bypassing some of the air around the heat exchanger
and bleeding off refrigerated air downstream of the heat exchanger. Flow
retes were measured in straight sections of pipe using totel-pressure sur-
veys, wall static pressures, and thermocouple readings at the flow meas=
uring stations. )

The refrigerated ailr line downstream of the heat exchanger was made
of stainless steel and was heavily insulated to keep the air tempersaiure
as low as possible at the entrance to the turbine. This line was quite
long because of the outdoor location of the heat exchanger.



NHACA RM ES6J18a i 5

ENGINE AND INSTATLTLATTON

The cooled-turbine engine used in this investigation is described
in detail in references 2 and 3. It consisted of an axial-flow turbojet
engine which was altered to include an air-cooled turbine rotor bladed
wilth noncritical materials and en sir-cooled stator made of a high-
temperature alloy, N-155. The rotor cooling alr entered the engine
through two tailcone struts. It then passed forward through an axisl
duct into the hollow turbine wheel and ocut through the hollow corrugated-
insert-type rotor blades. The stator cooling air entered the engine
through eight smell ducts and passed radiaslly outward through the hollow
corrugated-ingert-type stator blades. Additional cooling for the sheet-
metal parts in the turbine region was provided for by enlarging the
cooling-air passages surrounding the combustor trsnsition liners. The
fuel nozzles were essentislly open tubes with slotted caps on the end
as shown in figure 7. o

The engine was installed in an altitude test chamber to permit oper-
ation at high altitudes and, comnsequently, low fuel flows. This was nec-
essary because of the limited fuel supply and small fuel-tank capacity.
The installation is shown in figures 8 and 3.

Fuel was plped to the engline through s manifold made of 3-inch
tubing and through eight 1-inch lines to the eight fuel nozzles. Instru-
mentetion was provided to measure gas temperstures and pressures through-
out the engine and metal temperabures in the turbine section, including
the rotor blasdes and the turbine disk. Detalls of this instrumentation
are presented In references 2 snd 3.

OPERATIONAT. PROCEDURE
Preparation of Fuel System

Before being filled with liquid hydrogen the fuel tanks (ta.ctical
Dewars) were precooled by filling the radiation shield containers with
liquid nitrogen seversl days in advance of their initlal use. These
radiation shield containers were then kept filled continuously through-
out the investigation.

Alr was removed from the fuel system to eliminate any possibility
of an explosive mixture in the system and to prevent any trouble with
frozen air at the liquid-hydrogen temperatures. This was done by three
successive evacugtion and helium-filling cycles. After the third f£ill-
ing the valves at the tank outlets were closed and helium was trapped
in the downstream system at a pressure of sbout 20 pounds per square
inch gage. '
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The tanks were then comnected to the trailer-mounted supply Dewar
and the fuel transfer lines were inerted in s similar mammer. The
supply Dewar was then pressurized with gaseous hydrogen, the vent lines
were opened to atmosphere , and the transferring operstion was begun.
Each tank was fillled until a high rate of ligquid-air formation at the
vent connection indicated the presence of liquid hydrogen near the vent
at this point. The vent lines were left open to atmosphere until the
engine was to be started. They were then closed and the tanks were
pressurlzed to about 60 pounds per square Inch gage with gaseous hydrogen.

Operation of Engine and Shutdown of System

Because of the restricted fuel-tank capacity, operation of the en-
gine was limited to perlods of up to 45 minutes. In each case the en-
gine was started on hydrogen and brought up to test conditilons as quickly
as possible. Fuel was used from each tank until the fuel flow begen to
drop off, indicating the passage of gas through the small-diemeter ligquid
lines and its accompanying higher pressure drop. In each case it was
possible to change to the next tank with the engine in continucus opera-
tion, so that test conditions could be quickly re-established. When the
last tank of fuel had been used, the tank was quickly shut off and the
lines from the tanks to the engine and the engine fuel system were purged
with helium. The farthest downstream valve was then closed, and the
helium was trapped in the system at a pressure of about 20 pounds per
square inch gage until the next period of operation. The Dewars remained
full of hydrogen gas at this same pressure between operating periods.

OPERATIONAL CHARACTERISTICS OF SYSTEMS
Fuel System

Initial operation of the engine disclosed a pressure-surging condi-
tion in the fuel system which made control of the engine unsatisfactory.
This surging hed an smplitude of several pounds per square inch and was
erratic in nature, with a period varying from 2 to 5 seconds. The vapor-
ization process in the heat exchanger appeared to be primarily respon-
sible for the surging, and because time was not avallable for a heat-
exchanger development. program, an attempt was msde to demp the system.

A 30-gallon volume chamber was installed (fig. 5) but did not improve
the surging condition appreciably. A high-response-rate pressure control
was then installed, and this control in combination with the volume chem-
ber provided a steady downstream pressure over the required flow range of
100 to 650 pounds petr hour.
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This pressure control consisted of a servo-actuated valve and pres-
sure sensing system capable of attenuating pressure fluctuations up to
10 cycles per second, and the previously mentloned volume chasmber Just
downstream of the valve which removed pressure fluctuations above 10
cycles per second. The valve, servomotor, and pressure sensing compo-
nents are commercially available items. The electronic control eircult
was built af the Lewis laboratory and provided proportional-plus-integrael-
type control. ' ’

As noted in the deseription of the fuel system, a venting system
wasg used to dissipate boil-off fuel from the tanks to atmosphere. The
vent outlet was initially located as shown in figure 2. However, be-
cause the gas was being vented at low temperature, its density was rela-
tively high and did not dissipate into the atmosphere as rspidly as
expected. TFor safety reasons the vent outlet was subsequently raised to
gbout 25 feet asbove the building.

On one occasion when hydrogen was being vented, it casught fire at
the vent outlet. No lgnition sources were apparent, so it must be assumed
that the ignition was caused by a static discherge or frictional spark
from the supporting cables. While this d¢id no haxrm, it emphasizes the
fact that hydrogen must be handled vexry carefully to prevent any un-
desired exposure to air.

Turbine Cooling-Air System

Quantitative data for determining the effectiveness of the heat ex-
changer were not obtained. Air temperatures at the heat-exchanger outlet
of @bout 160° to 220° R were measured along with hydrogen-gas tempera-
tures at the heat-exchanger outlet of 200° to 270° R depending on operat-
ing conditions. These air temperatures were obtained with girflow rates
of 3 to 14 percent of the engine airflow. Because of heat leakage in the
long line between the heat exchanger and the engine, and in the passages
through the tailcone, the minimum air temperature delivered to the hollow
turbine wheel was sbout 220° R. The minimum air temperature delivered to
the turbine blades was sbout 390° R because of the tempersture rise in
passing through the wheel.

The main problem encountered in the turbine cooling-alr system was
the formation of ligquid air in the heat exchanger. With the heat ex-
changer as it was originally built, this llquid air flowed into the inlet
end of the outer shell and caused numerous cracks in the mild steel ma-
terial, Operation of the system was stopped before the level of liquid
air was high encugh to immerse an sppreciable part of the core.

The boiling and freezing points of oxygen and nitrogen are shown in

figure 10. As indicated earlier, the mininmum air tempersture at the exit
of the heat exchanger was sgbout 160° R. The pressure in the cooling-air
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system varled from about 0.3 to 0.8 atmosphere at the heat exchanger, so

that the alr temperature was near the boiling temperature of oxygen.

Condensation took place in the bheat exchanger probably for the most part -
in the low-velocity regions around the tubing return bends (see fig. 4).

Sheet-metgl additions were made to the inlet end of the heat ex-
changer to provide for evaporetion of this liguid air by contact with
the incoming warm eair (see fig. 4) and to prevent 1ts contect with the
mild steel outer shell. 1In addition, a drain with en internal standpipe
was provided to ensure against accumiiation in the heat-exchanger core.
After these alterations were msde, no further difficulty was experienced
with accumlations of liguid adir.

It is not known whether there was any freezing of sir on the heat-
exchanger surfaces, but the cooling abllity of the heat exchanger &id
not sppesr to be impaired at sny time durlng continucus runs of up to 45
minutes. This also indicates that the moisture content of the incoming
air (below 2 grain/lb) was low enough to avoid sny serious icing problems
in the heat exchanger for runs of this dura.tion at airflow reates avera.g—
ing about 1.0 pouwnd per secondé. - T s T

SUMMARY OF RESULTS

The results of an experimental investigation in which liquid hydro-~ -
gen was used as a heat sink for turbine-cooling snd then used as a gas '
for turbojet-engine fuel are summarized as follows:

1. The use of liquid hydrogen as a heat sink for turbine-cooling
provided cooling-aly temperatures of 160° to 220° R at the exit of the
heat exchanger with cooling-air f‘lowr rates of 3 to 14 peircent of the
engine sairflow.

2. Pressure surging in the fuel system presented a problem in flow
measurement and control. This surging spparently was caused by the va-
porization process in the heat exchanger. The pressure surges were elim-
insted in the dowmstream portion of the system by the installation of a

high-response-rate pressure control valve.

3. Dead air spaces in the heat exchanger can cause condensation of
air. This condensation can possibly be eliminsted by the provision of
suitable air velocities past all hydrogen-cooled surfaces.

4, The air supplied to the heat exchanger was dried to a moisture
content of sbout 2 grains per pound. This moisture content was low
enough to prevent any serious accumulations of ice in the heat exchanger
during runs of up to 45 minutes with average airflow rates of sbout 1.0
pound per second.
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5. At one time during low-rate venting from the fuel system the vent
caught fire sponteneously, possibly from a static discharge or frictional
spark from the supporting cables at the vent exit. This emphasizes the
fact that hydrogen must be handled very carefully, especially when there
is a possibility of undesired exposure to air.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aercnautics
Cleveland, Ohlo, October 23, 1956
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APPENDIX - PROPERTIES CF HYDROGEN
Lower Heat of Combustion

The lower heat of combustion for hydrogen is 51,571 Btu per pound.
This compares with an average value for JP-4 fuel of 18,700 Btu per
pound, or a ratioc of 2.76.

Pars- and Ortho-Hydrogen

Hydrogen exists in two well-defined energy states, para-hydrogen
and ortho-hydrogen, the difference being associsted with their nuclear
spins. Both of these types are ususlly present as a mixture, the pro-
portions of each depending on temperature and time. At room temperature
the equilibrium proportions are 25 percent para-hydrogen and 75 percent
ortho-hydrogen, while at the normsl boiling point (36.5° R) the equilib-
rium mixture contains 99.8 percent para-hydrogen.

The conversion of hydrogen from one of these states to the other is
& slow process and 1s accompanled by the liberation or absorption of heat.
If hydrogen is liquified without catalysts after storage of the gaes at
room tempersture, the mixture will be 25 percemnt para-hydrogen and 785
percent ortho-hydrogen. The ortho-bydrogen will then convert to the
para~ state with the liberation of 302 Btu per pound of ortho-hydrogen.
The heat released by the conversion process, if it goes to completion,
would be enough to vaporize about two-thirds of the liquid.

The approximate rate at which this conversion takes place is shown
in figure 11. If the liquid is stored as long as 100 hours, the para-
hydrogen concentration will increase to sbout 59 percent, and the heat
release will be encugh to vaporize about 40 percent of the mixture.
Obviously, then, to prevent excessive loss either refrigerstion must be
provided during storage, or a catalytic process must be used in the
liquefection of hydrogen so that the conversion will take place during
this process.

Since the fuel will probably be mostly para-hydrogen in fuel systems
in which hydrogen 1s handled as a liquid, the properties of the parea-
state are of most interest. However, in many cases this information is
not availsble, so in the figures that follow, the properties of para-
hydrogen are presented where available, and the properties of "normal”
hydrogen (25 percent para- , 75 percent ortho-) are presented where data
for paras-hydrogen are not available.
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Vepor Pressure
The vapor pressure of hydrogen as a function of temperature is shown
in figure 12. The normal boiling point (1-atm pressure) for para-hydrogen
is 36.5° R. As the pressure is increased, the bolling temperature in-
creases until the critical point 1is reached at a pressure of 12.8 atmos-
pheres and a temperature of 59.8° R. At temperatures sbove the critical
point, hydrogen cannot be a liquid regardless of pressure.

The triple point shown in figure 12 at 24.9° R represents the tem-
pereture below which hydrogen cannot exist as & liquid, but goes directly
from the gaseous state to the so0lid state. The freezing line indicates
a freezing point of about 25.2° R at atmosphere pressure for normal hydro-
gen. The freezing line for para-hydrogen would proba.'bly be only slightly
different.

Dengity

Figure 13 shows the density of liquid hydrogen as a function of tem-
perature. While the complete curve shown is for normal hydrogen, the
curve for para-hydrogen would be only slightly displaced as Indicsated.
This curve is interesting in that it indicates & rather large effect of
pressure on the density of hydrogen stored at the boiling point. At sea-
level atmospheric pressure, the density is ghout 4.41 pounds per cubic
foot at the boiling point, while at a pressure of 4 atmospheres the den-
sity decreases to about 3.93 pounds per cubic foobt gt the boiling point.
Thus, if tanks containing liquid hydrogen at the boiling point are to be
pressurized to 4 atmospheres, the tankage volume must be increa.sed. by
about 12 percent over that required at atmospheric pressure.

The density of gaseous hydrogen 1is shown in figure 14. Here again,
the deta shown are for normsl hydrogen but are probably sufficiently
accurate for most engineering purposes for para-hydrogen. The density
at standard sea-level conditions (519° R, l-atm pressure) is about
0.0053 pound per cubie foot.

Heat of Vaporization

The heat of veporization of hydrogen is shown in figure 15 es & -
function of temperature. At the normsl bolling point, the heat of vapor-
ization for pare-hydrogen is dbout 188 Btu per pound. As the tempera-
ture is increased, this value decreases until it reaches zero at the
ceritical temperature of 59.8° R,
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Specific Heat

Figure le(a) shows the specific heat at constant pressure of gaseous
hydrogen a8 a function of temperature and pressure. Data for para-
hydrogen are available for only atmospheric pressure. These curves in-
dicate a rather large effect of temperature on speclfic heat and a large
difference between the specific heats of para- and normal hydrogen. The
level of values for specific heat is very high as compared with most
common fluids, and this fact plus the low bolling point makes hydrogen
very attractive for heat-sink applications.

The specific heats of liquid and solid hydrogen are shown in fig-
ure 16(b).

The ratio of specific heats is shown in figure 17 as a function of
temperature and pressure. Because of the large variatlon of the ratio
of specific heats with both temperature and pressure in the low temper-
ature range, slight variations in either Iin a fuel system would make
large changes in the flow characteristics. Thus, flow measurement and
flow control in fuel systems become very difficult problems at low
temperatures.

Also significant is the large veristion in the ratio of specific
heats with fuel composition. Accurate flow measurements would require
eccurate lmowledge of the percentages of pare- and ortho-hydrogen in
the mixture.

Enthalpy

Figure 18 is an enthalpy chart for hydrogen es a function of tem-~
perature and pressure. The difference between normal and pars-hydrogen
is the heat of conversion, 226.5 Btu per pound at the boiling point and
near zero &t room temperature.

Sound Velocity

The velocity of sound in hydrogen is shown as a function of temper-
ature and pressure in figure 19. - The data shown are for normel hydrogen,
as data for para-hydrogen are not readlly availeble. The velocity of
sound 1s an important charscteristic from the standpoint of pipe Bizes
in fuel systems.



NACA RM E56J18e - 13

REFERENCES

1. Siiverstein, Abe, and Hall, Eldon W.: Liguid Eydrogen as a Jet Fuel
for HEigh-Altitude Aircraft. NACA EM E55C28sa, 1955.

2. Slone, Henry 0., Cochren, Reeves P., and Dengler, Robert P.: Experi-
mental Investigabtion of Air-Cooled Turbine Rotor Blade Temperabtures
in a TurboJjet Engine Operating st Turbine-Inlet Temperatures up to
2580° R and Altitudes of 50,000 and 60,000 Feet. NACA RM E56C26,
1956.

3. Cochran, Reeves P., Dengler, Robert P., and Esgar, Jack B.: Operation
of an Experimental Air-Cooled TurboJet Engline at Turbine-Inlet Tem-
peratures fram 2200° to 2935° R. NACA RM E56D24a, 1956.

4. Woolley, Harold W., Scott, Russell B., and Brickwedde, F. G.: Com-
piletion of Thermel Properties of Hydrogen in Ite Various Isotopic
and Ortho-Pars Modifications. dJour. Res. Nat. Bur. Standards, vol.
41, no. 5, Nov. 1948, pp. 379-475.

5. Hilsenrath, Joseph, et el.: Tables of Thermal Properties of CGases
Comprising Tables of Thermodynemic and Transport Properties of Air,
Argon, Carbon Dioxide, Carbon Monoxide, Hydrogen, Nitrogen, Oxygen,
end Steam. Circular 564, Nat. Bur. Standsrds, Nov. 1, 1955.



Iry alr in
/ Turbine qooling

air to engine Ditfersntial pressure
moawrenent mnometers

1
{
I /
{ p
/ - I’
Lo y W
; | o ' e . . Volume chamber _ _
o Steax-fusl ‘Rewote flow
i heat exchanger throttling valve
—
I\—Orifice
Presmuore
Fusl~teuperaturs © regulrting valve
f reguleting valve

Dawar fuel tarks I

Fuel, to
enginp norxles -

] ] [ Proseuriaing system

he M

Remote positiva

slortaff velve

Flgre 1. - S8chamatic diagram of fuel system.

Pl

BETLOGHE WH VOVE




Altitude test ohsmber
ineide buildm_

T W TS o et

Tact
o

e k- M, g skt

ical Dewa; .

e

r -
et L R ¥ ma sl

4edTiquid lines !3.-_ ﬁ N

Figure 2. - Fuel supply tenke (tactical Dewars).

| Cooled-air 1inSw

l.—-“.a-w ! =2

BegTl9cE WY VOVH

ST




9T

BRTIrISH W VOVN




IN

Core material: 5/8"-0.D. coppar tubing with
011" =thick alumimm fins

BETLOSE WM VOVN

Flow distribution wanifolds
Fuel~-in, To eltitude da =
manifold exhaust

evaporation of
liquefied air

Fusl-out

manifold fectlon A=A

Mgmre 4. - Cross pmction of heat sxohanger,

LT



Pressure contro

'

S i 1 #1

._ .
ol Ry .

_:\

e

Flow measurenient orifices

LSRR Sl . €

' IO R Remote-comtrolled
X 25 'ﬁ"‘“"“’“"n tbrott];iz?g valve

yie ) b Lo T | o . "

™ "‘\.:__, " "

Figure 5. - Fuel-system controls.

81

BETLOSH WY VOVN




T /40 Ib/sq in. gage
/—ﬂrs'u.ir

l Marwal flow
throttling valve

/—Etator cooling air

Flov meamuring staticn

Remote bleed
'bhmttliug valve

Fgure 6. - Turbine cooling-air system.

— .|
Remota flow
throttling valves
/-*BNDGBEI
- Flow-meamuring
station
paamerey Tobine rotor
‘ .__l oocoling alr
é

BRIDSH WH VOVN

6T



Figure T. = Fuel nozzle usad in engline.

02

BETI9SH WE VIVN




Figure B. - Turbojet engine installsd in altitude tost chanber.

BRTr9SH WY VOVN

T2



22

NACA RM E56J18a

b= ol

Figure 9. - Closeup of engine shoving fuel manifold.




NACA RM E56J18a

001 !
’ ‘I'emper-a.tm'g, OR

Pressure, atm

100

cal point

10

trogen Oxygen

Normal boiling point

P Pnfr? L

0.1

1T

.OL

Malting poln

1
|
]
|
|

=t T

T
1 11
1 1

mam

A
O

G

Figure 10. -~ Relatlon between temperature snd vapor pressure for nitrogen and oxygen.

(Dete from ref. 5.)

23

"w



100
_ﬂ
«’J —|
o B0 e
g //
§ A
s e
g yd
g 60 /
g 7
2 |/
g 40 /
[]
E 20
0 100 200 300 . 40 500 800 700 800 80D 1000

Age of liqud, hr

Flgure 11.. - Rate of conversian of liquid hydrogen during storage. Initial mixture: 25 percent para-hydrogen, 75 percent
ortho-hydrogen. (Date from ref. 4.)

Ya

BRTr9GH WY VOWVN




N

NACA EM E56J18a ]
-»
100
Y
(75 percent ortho-,
percent para-)
Critical point 3
= (para-hydrogen)
T |
10
Li a
So.
1 Normal bof poin
{pars- en), 38.5°
. g
- g Paxs,- gen
£
el
Triple point
(pera-hydrogen)
Gas
01 =
- -00lg 10 20 30 0 50 &6

Temperature, °R

Figure 12. - Relationship between temperature and vapor pressure for hydrogen. (Daeta
fram ref. 5.)



26

Density, l'b/cu £t

Pressure,
atm

0.1

TILTT
[ARARE
TrEreT

>
[e2]

4.

fen
T
1

T HH

T

4.0 4 4 HH HH FHH HES
S H ]

'E- ] Eaatyans

3.6 Agiifoasaazagst

-1 H
L4 -
2.8 F A
FHH T
4+

S H B HIEH H
b rt iHHEHHTH
H N1 H
2.0 H ; CE TR
C L H R B FEFEE AT H HiHH

Iy

1
.
T
:
¥

oy kst

}
T
mak
nad
}

}

T

T

T

}

{

+

t

am)
1
1

k
t
Ar [+
i

Eagefeidsats CH I BiZsaiass Ea

e THB TR T ] muui

BT R R bR Ry H rH BH H H

1.6 gETET B e b B fiskzaaitaaspiitadiay Ha b
20 30 40 . 80 60

Temperature, OR
Figure 13. - Density of liquid hydrogen as function

of temperature at saturation pressure. (Data
from ref. 4.)



KACA RM E56J18a

10

27

3
L4t
1

»

-3 Seomootpans S
= Srieee === = Pressure,
===c S===c = = atm
—5 2 == = = = ===y
i3 5 = 5 == :
o i ﬁ- : 1
= N ] - - S !
-1 = =N s T S Ea i = ; == o
£ = s =
= iy s e e X
(4] r AT = - Aok t "
> = = e = e = —_—
b =i A = == = === =
3'; == =
3 P = e o
£ i : SEES SSosssoo=an
t T T F Pt |
) ! I
2

01 E- e kel L 11 n

= 2 = o ==z
25 i =
= : = S==—w e —=owx = e Sy =
= =
—y e f R b = = & TH TR S = 1
i i ik s T =
S e
= o e o == 4
= = e
> I~ -
1 I I_1 L 4
1 1 T 11 - | L i | LI
1 } I ] : | | 11 i |
Q0L ——_ b YT o == % 2
e Cy = e R f >
= i L = =
__ __._._—._ = —
e = » - Sma -
S R ) =1 =
2. = = o e s

(o} 100 200 300
Temperature, °R

S0C

600

Figure 14. ~ Density of normal hydrogen ges 275 percent ortho-, 25 percent pera-)

as function of temperature and pressure.

Date from ref. 4£.)



28

Latent heat of vaporization, Btu/lb

-« NACA RM ES56J18a

Data from ref. 4
—~—-—Extrapolated by
method of ref. 4
Ortho-hydrogen
boiling point, 36.8 Normsl hydrogen
200 : IllLLLT‘|| 'H JT bOi]i: poin_t’ 36.7
Para-hydarogen = ho-hydrogent
boiling point, 36.5 11
160 P EEZ)
Normal hydrogenhs mnu
~hydrogen it
120
40
0
20 30 40 50 80

Temperature, ©R

Figure 15. - lLatent heat of vaporization of hydro-
gen ag function of temperature for normel, para-,
and ortho-hydrogen.



29

NACA RM ES6J18a

ERE N

600

Norma
hydrogen

-Illll--

500

¥o/(d1/n3g) ‘samesaxd queysuoo 38 ey OTIToedg

.)
ot 5
b
9] m A
. -
Y B FEEN
m ¥ HH Q
~ H o]
S? ~
"
. g
2 :um
]
o M
SinRme AELArERRRRATIED ._+..T
e T :
FH o~ TR g
HH Ex H
ﬂm 1 N e ..m._
IH @ P s
[H w H
FH
N w
i
. @ < S . £ © ~°
7] 7} 0 07} ™ © o

(Dete from refs. 4 end 5.)

(a) Gesecus hydrogen.
Figure 16. -~ Specific heat of hydrogen as function of temperature and

pressure.



30

Specific heat at saturation pressure, (Btu/1b)/°R
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